E le c tric a l P ro p e rtie s f o r H C O + a n d N N H + fro m F o u r th -O r d e r M 0 lIe r-P le sse t P e r tu r b a tio n T h e o ry George Maroulis Laboratoire de Chimie Quantique, Universite Catholique de Louvain, 1348 Louvain-La-Neuve, Belgium Z. Naturforsch. 43a, 419-429 (1988); received February 5, 1988 Electric multipole moments and static polarizabilities are reported for HCO+ and NNH + . Both molecular ions are of great importance to interstellar matter chemistry. All properties were calculated from the energy of the molecule in the presence of distant electric charges. Electron correlation effects were taken into account via SDQ-MPPT(4), fourth-order Moller-Plesset Perturbation Theory with single, double and quadrupole substitutions from the reference SCF wavefunction. With the exception of the dipole moment, values for the other properties studied in this work appear in the literature for the first time. The dipole moment (relative to the centre of mass) and the axial and perpendicular components of the dipole polarizability are 1.515 ea0, 13.39 and 6.88 e2a\Eh "' respectively for HCO+ and 1.328 ea0, 13.81 and 5.70 e2a2 0Eh "' for NNH + .
I. Introduction
The molecular ions H C O + and N N H + have been detected in the interstellar gas via radio-astronomical observations supported by laboratory measurements of microwave frequencies [1] . Microwave spectroscopy has also been used for the determination of the molecular structure of these ions. Woods et al. [2] have obtained substitution molecular structures (rs) from measurements of the J = 0-+1 transition frequency of isotopically sub stituted HCO + and NNH +.
H C O + and N N H + have been the object of several theoretical studies. However, most of them have focused on the accurate calculation of the molecular geometry and the / = 0 -> l rotational frequency [3] . The calculation of electrical proper ties has been limited to the prediction of the elec tric dipole moment. Green et al. [4] reported a near-Hartree-Fock limit calculation of the dipole moment of NNH + . Hillier and Kendrick [5] re ported SCF and CI values for the dipole moment of NNH + , calculated at the respective theoretical equilibrium geometries. An SCF values of the dipole moment of H CO + has been obtained by Woods et al. [6] while Haese and Woods calculated Reprint requests to Department of Chemistry, University of New Brunsvick, Bag service #45222/Fredericton, N.B., Canada E3B 6E2. the same property for both HCO + and NNH + at the SCF and CI theoretical levels [7] . In their theo retical study on HCC + Montgomery and Dykstra [8] reported SCF and correlated values for the dipole moment of N N H + as well. SCF dipole moments and infrared intensities for H C O + were reported by Rogers and Hillman [9] while DeFrees et al. [10] calculated the dipole moment of both molecular ions at the SD-CI level (configuration interaction with single and double substitutions from the reference SCF wavefunction).
In this work we report SCF and correlated values for the dipole, quadrupole and octopole electric moments (ju, <9 and Q), the dipole polariz ability (a), the first and second dipole hyperpolarizability (ß and y), the dipole-quadrupole polariz ability (A) and the dipole-dipole-quadrupole polar izability (B). We also report SCF values for the hexadecapole moment the quadrupole polar izability (C) and the dipole-octopole polarizability (E). All properties were calculated from the ener gies of the molecule in the presence of the field of a distant charge. The calculation of the molecular polarizabilities from the induced electric moments, a method adopted in previous work [11] , requires considerably less computational effort but its ap plicability is limited to wavefunctions which obey the Hellmann-Feynman theorem [12] . Electron correlation effects are taken into account via 0932-0784 / 88 / 0400-431 $ 01.30/0. -Please order a reprint rather than making your own copy.
Mgfller-Plesset perturbation theory. Our approach consists in calculating the correlation correction to the perturbed energy of the molecule. The correla tion correction to all properties is then extracted from the respective correction to the perturbed energy as in earlier work on Li2 and N2 [13] . Thus, the second, third and fourth order corrections to a given property are obtained from the respective corrections to the perturbed molecular energy.
Atomic units are used throughout this work. 1 a0 = 0.52917706 x 10-10 m, 1 E h = 4.3598 X 10"18 J, 1 ea0 = 8.4784 x 10~30Cm, 1 eao = 4.4866 x 10"40Cm2, 1 2.3742 x lO " 50Cm3, 1 ea$> = I.2564 x 10-60 Cm4, 1 e 2a \ E^ ^ 0.16488 x 10~40 C2m2 J -1, l£>3^£ h2 ^0.32063 x lO~52C3m3 J -2, \e * a 4 0Eh 3^0.62360 x 10-64 C4 m4 J -3, l e 2a 3 0 E h 1 -8.7250 -10~52C2 m3 J -1, 1 e 2a A 0E^ ^ 4.6171 x lO " 62 C2 m4 J " 1 and 1 e 3a 4 0 £ h " 2 = 1.6967 x 10"63 C3 m4 J " 2.
II. Theory
The energy of a molecular ion in a weak, general electric field can be expanded as [14, 15] E = E° + q<p(O)-iuo aF a-j 0 o aßF C (ß 1 1 --a a ß F a F ß --A a,ßyFaFßy 1 1 -Caß,yöFaßFyö---E a,ßyöF aFßyö+ . . . 6 15 1 1 --ßaßyFaFßFy--Baß}yöF a FßFyö+ . . . 6 6 yaßyöFaF ßFyF ö+ . . . ,
where E°, 0°, Q° and 0° are the energy and permanent electric moments of the free molecule, q its charge (the zeroth-order moment), 0(0) the perturbing potential at the origin and a, ß, y, A, C, E, and B the static electric polarizabilities. F a, F aß, etc. are the electric field, field gradient, etc. at the origin. The greek subscripts denote cartesian tensor components and a repeated subscript denotes a summation over all three cartesian coor dinates x, y, and z.
A linear molecule has only one independent component for any multipole moment. With z as the molecular axis we specify the multipole moment tensors by their /uz, 0 ZZ, Q°zzz, and <P°ZZZZ components. We specify a aß by cl~z and u xx, ß aßy by ßzzz and ß zxx > Vaßyö by yzzzz, rxxxx and yxxzz, a,ßy by/I z,zi and Ax>zx, Caß y § by Czz zt, Cv, x.and Cxx, xx) Fa,ßyö by Ez, zzz and Ex.xxx and Baß yö by Bzz.zz, Bxz,xz, Bxx zz and Bxxxx [15, 16] , Let E(Q, R, 0) be the energy of the molecule in the presence of the static field of a distant electric charge Q with its position defined by the polar coordinates (R, 0) on [he xz plane. Equation (1) is then written as [11] , E(Q, R, 0) = E° + (qQ /R ) + v°z(Q /R 2) cos 0 + _L 0°.( 0 / / ? 3)(3cos2 (9-l) 2
-L a xx(Q2/R A ) sin2 9 2 -A z ,A Q 2/R 5) cos 9(3 cos2 9 -1) 2 -2 Ax zx(Q 2/R 5) cos 9 sin2 9 --c zz -(Q 2/ R 6) cos2 9(2 cos29 -1) 2 -6 CX ZtX Z (0 2/R 6) cos2 0 sin2 0
+ Ex,xxx(Q2/ R 6) sin2 0(5 cos2 0 -1)
-(--ßzzz (Q^/R 6) cos3 0 6
+ -ßzxx(Q 3/ R 6) cos 0s\n20 + _ zz (Q 3/ R 7) cos2 9(3 cos2 9 -1) 4 + 2 Bxz xz (Q 3/R ) cos2 9 sin2 9 + JL ß vv (@3//? 7) sin2 9 cos2 0 2 1 + -Bxx.xx(Q3/ R 7) sin46 2
From (2), the electric moments and polarizabilities are calculated as follows: Let
-E(Q, R, 9) + E(Q, R , n -6) , (4) S3(Q, R, 9) = E ( -Q, R, 6 ) -E( -Q, R, n -9) + E(Q, R, 9) -E(Q, R , n -6) , (5) S4(Q, R, 9) = E( -Q, R, 9) + E( -Q, R, n -6) -E(Q, R, 6) -E(Q, R , n -9) . (6) The dipole and octopole moments are calculated from (2) and (4). DS2(9) = S2( 2 Q ,R ,9 ) -8 S 2(Q ,R ,9) , M°z = (R 2/30Q )(± D S 2(0) + 2U2DS2(ti/4)) , (7) Q°zzz = (R4/30Q )(D S2( 0 ) -2 U2D S2(n/4)) . (8) The quadrupole and hexadecapole moments are obtained from (2) and (6) . DS4(9) = S 4(2 Q ,R ,e ) -S S 4(Q,R, 9) ,
*°zzzz= (R 5/42Q )(D S4(0) + 2D S4(n/2) From (2) and (3) (R4/ 24 Q 2)(S, (2 Q,R, 0) -16S, (Q, R, 0) + 60£°) = a zz+ 3 C zz>zzR~2 + 2EzzzzR^a zz , (11) -2 (R 4/24 £ 2)(S, (2 Q, R, n/2) -1 6 S, (Q, R, n/2) + 60 E°) = axx + 3 Cxx.xx R " : 2 + 2 Ex,xxx R ~2 -a Y
The contamination of the dipole polarizability values from the contributions of the higher polarizabilities C and E depends only on R and can be made arbitrarily small by placing the charge suffi ciently far from the molecule. The components of the first dipole hyperpolarizability tensor are calculated from (2) and (4) as ßzzz = (R 6/4 Q 3)(2S2(Q, R, 0) -S2(2 Q, R, 0)) , (13) ßzzz+ 3 ß zxx= (R 6/ 2 W2Q 3)(2S2(Q,R, n/4) -S 2(2Q ,R ,n/4)) .
Yzzzz' yxxxx and VxxZZ are calculated from (2) and (3) as
yxxxx= ( R 8/2 Q 4)(4 S ,(Q ,R ,n /2 )
The calculation of ßzxx and yxxzz is not straight forward as it requires the previous knowledge of the other components of the respective tensors.
A z>zz and Ax zx are obtained from (2) and (5) as follows:
Last, from (2) and (6) we obtain three of the four independent components of Baß yö as
-12qQ /R ) .
Bxxxx= ( R 7/ \ 2 Q 3)(2S4(Q, R, n/2) -S4(2Q, R, n/2)) ,
2 Bzz.zz + B.xx.xx+ 4 Bxz.xz + Bxx.zz = (R 7/12<23)(2S4(Q, R, n /4) -S4(2Q, R, n /4)). (22) From (20), (21) and (22) we calculate the value of the isotropic component B, defined as [15] B = (2/15)(BZ Z zz + 4 Bxz,xz + Bxx.zz + 4 Bxx xx) . (23) The independent components of Caßtys and Ea,ßyö are calculated from the induced quadrupole and octopole moments as in previous work [11] . SCF values only are reported for the aforemen tioned polarizabilities in this work.
SCF and correlated values for all the indepen dent components of p a, &aß, Qaßy, <Paßyö, a aß, ß aßy, yaßyö-> A Q yßy and three of the four indepen dent ones of Baß<yö were calculated using (7) - (22). Electron correlation effects were taken into ac count via M0ller-Plesset Perturbation Theory (MPPT). We refer to Krishnan and Pople [17] , Hubac and Cärsky [18] and Kutzelnigg [19] for a presentation of M PPT and a discussion of its rela tive merits. A comprehensive introduction to Rayleigh-Schrödinger Many-Body Perturbation Theory may be found in standard textbooks [20] . In this work we use SDQ-MPPT (4), fourth-order M0ller-Plesset PT with single, double and quadruple substitutions from the reference SCF wavefunction. Following Krishnan and Pople [17] we write the fourth-order, M PPT(4), approxima tion to the energy of the molecule as E = £ scf + E (2) + £<3) + E ( s4) + £g> + E\4) + 4 4) + E ( r4) . (24 a) We assume, as we may, a similar decomposition for any property P and write P = P SCF + P i2) + P {3) + P s ] + P ( D] + P ( T] + P'Q + P { r4) , (24 b) where, in both equations, the right side terms are the SCF, second and third order contributions, the fourth order ones arising from single, double, triple and quadrupole substitutions with reference to the SCF wavefunction and the renormalization term, respectively. The various approximations to the complete fourth-order expansion of (24) are then defined as M PPT(2) = P SCf + P {2) ,
DQ-MPPT (4) = MPPT (3) + P ff + + P=
SDQ-MPPT (4) = MPPT(3) + P g^ + Pi4)
SDTQ-MPPT(4) = MPPT (4) = SDQ-MPPT (4) + P (4) . (29) The inclusion of the triple substitutions, as in (29), increases considerably the computational cost of the calculations. The SDQ-MPPT (4) approxima tion is a reasonable compromise as the loss of ac curacy brought about by the exclusion of the P j ] term does not make SDQ-M PPT (4) appreciably less successful than the full MPPT (4) in electrical property predictions [13, 21] . The use of /Vth-order MBPT in calculations of atomic/molecular properties does not always guarantee the reliability of the results. In order to accept the MBPT (AO value of a given property as a reliable prediction one should have to assess how close MBPT(/V) is to MBPT(oo), i.e. whether MBPT (N) = MBPT (oo). Several attempts have been made to study the convergence behaviour of the perturbation series [22] . Recently, Pade approximant estimates have been obtained for the limit MBPT(oo) and for various properties [23], but with variable success. There seems to be no universally applicable algorithm for this problem. In general, fourth order MPPT should be expected to yield reliable predictions of electrical properties provided that the respective limit MPPT(oo) is not far from the reference Pscf value and the state of the system under consideration is not neardegenerate.
III. Results and Discussion
The choice of a suitable basis set occupies a cen tral position in ab initio calculations of electric moments and polarizabilities. Conventional basis sets need to be suitably enlarged in order to be used in such studies. The basis set should describe equally well the system under consideration, either free or in the presence of an electric perturbation. The degreee of difficulty of a particular study depends on the 'softness' of the system and in creases in the order (positive ions) < (uncharged systems) < (negative ions). Thus, if we consider the sequence L i+, Li, L i_ , the positive ion is a particu larly hard system while the atom Li is a soft and the negative ion an a extremely soft one. Their dipole polarizability is 0.1882, 169.1 and 1097 e 2a l E h \ respectively (near-Hartree-Fock re sults), [24] [14] . In all correlation energy calculations the two innermost and the two highest virtual orbitals were frozen. For our calculations on H C O + we used charges of ±100, ±200 e (Basis A) and ±200, ±400 e placed at a distance of 100 a0 from the origin. The calculated molecular properties are given in Tables  1, 2 , 3 (Basis A), 4, 5, and 6 (Basis B). In addition, SCF values for 0°zzzz and the independent com ponents of Caß^Y Ö and E a^yö are given in Table 10 . The latter were calculated from the induced electric moments, as in previous work [11] . It should be noted that the effects of electron correlation for the hexadecapole moment were obtained only with Basis A, as the use of rather strong fields in the case of Basis B did not allow their calculation via (10) . An immediate conclusion from Tables 1 -6 is that the enlargement of Basis A does not improve substantially the calculated values. The dipole moment obtained with Basis A is 1.640 ea0, only 0.005 ea0 lower than the respective SCF value of \M 5 e a 0 for Basis B. The SDQ-MPPT(4) values are 1.417 and 1.411efl0 respectively. Comparing the SDQ-MPPT(4) values of the electric moments to their respective SCF ones we find that electron correlation reduces the SCF values in the case of Basis A by 13.6% for /v, 5.3% for 0 , 0.2% for Q and 2.2% for 0. The perturbation series converges in a satisfactory way for all electric moments. Con vergence is also satisfactory in the case of the dipole polarizability. The SCF values obtained with Basis B are a zz= 13.21 and axx = 6.77 e 2 a l while the corresponding SDQ-MPPT (4) values are 13.39 and 6.88 £>2 OqEJ; 1 respectively, 1.4 and 1.6% higher. The effects of electron correlation are more important for the first dipole hyperpolarizability where the second order correction reduces, in absolute terms, the SC F values by about 50%. The final, SDQ-MPPT (4), values are -8 .3 5 and -0 .6 2 e 3 a l E^2 for ft--, and ßzxx respectively. The fourth order cor rection for the axial component of the second dipole hyperpolarizability is larger than either the second or the third order ones. Consequently, the SDQ-MPPT(4) value obtained for yzzzz is not reliable. The other two components of the second dipole hyperpolarizability do not conform to this pattern. In a similar situation it is perhaps more advantageous to consider the isotropic component, defined as y = (1/15) (3 yzzzz + 8 yxxxx + 12 yxxzz) [15] . The SCF and SDQ-MPPT (4) values of yfor Basis B are 125 and 140e^a^E^3, respectively, a correlation correction of 12%. The effect is con siderably less important for the isotropic than for the axial component, allowing for a more reliable estimate of the correlation correction in the case of the former. For A a^y and Baß ys the values predicted by the two basis sets (Tables 3 and 6) differ by 6% at most. The perturbation series con verges in a satisfactory way for all calculated com ponents. The component most affected by electron correlation is the axial one of the dipole-quadrupole polarizability, Az>zz, in which case the SDQ-MPPT (4) [7] is 4.48 D while their SD-CI one is 4.07 D, the former being in better agreement with ours than the latter. Rogers and Hillman [9] obtained the SCF values of 4.717 and 4.539 D with the standard basis sets 4-31G and 6-31G**. DeFrees et al. [10] obtained 3.96 D from a SD-CI calculation with a DZP (double zeta plus polariza tion) basis set, only 3% higher than our SDQ-MPPT (4) value of 3.850 D.
Our values for NN H+ are given in Tables  7 ,8 ,9 , and 10. Charges of ±200 and ± 400? at R = 100 a0 were used in all calculations for this sys tem. As in the case of Basis B for H C O + we did not calculate the electron correlation effects for the hexadecapole moment. The SCF value of this property was calculated from the SCF wavefunction and is given in Table 10 . The calculated values for the dipole, quadrupole and octopole moments are in Table 7 . Electron correlation changes the SCF values of these properties by +1.1, -7.2 and respectively. The perturbation series converges rapidly enough for both components. Their SDQ-MPPT (4) values are 13.81 and 5.70e 2a 2 0E j;\ Consequently, electron correlation reduces the magnitude of the anisotropy A a -a zz-axx [15] by about 7%. The MPPT series does not seem to converge for either component of the first dipole hyperpolarizability. It is obvious that the SCF value of the axial component does not constitute a reliable prediction of even the sign of ßzzz. Al though convergence at some higher level cannot be excluded, it would be instructive to calculate both components using a conventional MCSCF or CI method. The situation appears to be less problem atic in the case of the second dipole hyperpolariza bility. The axial component has an SCF value of 177 e aoEh 3 while the second order correction amounts to 165 e 4 ao E /i3. The perturbation series converges rapidly beyond the second order, as in the case of the isoelectronic N2 [13 b]. The SCF value of A ZfZZ for NNH + is 2.40 e 2 a 3 0E^ con- a See footnote a, Table 7 for the definition of the basis set. b Geometry as in footnote b, Table 7 . Table 9 . Dipole-quadrupole and dipole-dipole-quadrupole polarizabilities for NNH* calculated at the experimental geometrya'b. a Basis set as defined in footnote a, Table 7 . b Geometry as in footnote b, Table 7 . c B = 2/15 (Bzz zz + 4Bxzxz + Bxxzz + 4Bxxxx). [7] . As in the case of H C O + the former agrees better with our respective value than the latter. Montgomery and Dykstra [8] reported Table 4 . e Basis set as in footnote a, Table 7 .
siderably less than the same value for HCO + . The Ax>zx components are of comparable magnitude but with opposite sign. Electron correlation changes the calculated SCF values of the dipole-SCF and SCEP (Self-consistent electron pairs) cal culations in good agreement with ours. Their best value was obtained with a TZP (triple zeta plus polarization) basis set and is only about 1% higher than our SDQ-MPPT(4) one. Last, DeFrees et al. [10] obtained an SD-CI value of 3.39 D with a DZP basis set. Their value is in excellent agreement with our 3.376 D, less than 0.5% higher.
The theory of electric moments and polarizabili ties is of capital importance to intermolecular in teraction studies [15] . An interesting application of this theory is the accurate description of the inter action of atomic or molecular systems with charged particles. The interaction energy for the system (molecule) + (charged particle) is obtained from (2). We assume that the molecule has a fixed position in space so that the interaction energy depends only on the charge and the coordinates of the particle, E m = E-m (Q, R, 6) = E(Q, R, 6) -E°. The total interaction energy is the sum of the elec trostatic terms (Eeiec, electric moments from zeroth 424 through hexadecapole) and the inductive terms (Eind, electric polarizabilities) as defined by (1) and (2). In Tables 11 and 12 we give the interaction energy of an electron with H C O + and N N H +, re spectively. For each specified position of the elec tron Eint is obtained as the sum of Ee\ec (top num ber) and fjnd (bottom number). For both systems Eetec is the dominant term while £"jnd becomes im portant as the electron comes closer to the mole cule.
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IV. Conclusions
We have calculated electric moments and polar izabilities for two molecular ions of astrophysical interest, H CO + and NNH + . All properties were calculated from the energy and the induced electric moments of the molecular ion in the presence of a distant electric charge. Electron correlation effects were accounted for by M0ller-Plesset Perturbation Table 12 . Electrostatic, £elec, and inductive, £"ind, part of the interaction energy3 of the system e -NNH + b'c. Table 7 , and the electron on the xz plane with its position defined by the polar coordinates (R, 9).
Theory. The perturbation series converges rapidly for almost all properties studied in this work. The SCF and SDQ-MPPT(4) values for the dipole moment of both systems are in good agreement with all reliable results reported previously by other authors.
